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TUNABLE MICRO-LENS ARRAYS 
BACKGROUND 

Field of the Invention 

The invention relates to optical lens arrays and methods for making such 

arrays. 

5 Discnssion of the Related Art 

Some living organisms have natural arrays of optical lenses. Examples of 
natural arrays of optical lenses include the compound eyes of many insects and the 
skeletons of brittle stars. In these natural arrays, the individual optical lenses are 
capable of forming separate images. Lens arrays that simultaneously form multiple 

1 0 images have many potential applications. These applications have stimulated an 
interest in making such arrays artificially. For some applications, it is desirable to 
have arrays whose individual optical lenses have tunable optical parameters. 

Examples of optical lenses with tunable focal lengths include variable 
compoimd lenses and electro-wetting controlled droplet lenses. A variable compound 

1 5 lens includes two spherical lenses and a mechanical device for varying the distance 
between the two spherical lenses. Varying the distance between the two spherical 
lenses varies the overall focal length of the compound lens. An electro-wetting 
controlled droplet lens includes a liquid droplet, a non-wettable substrate to support 
the droplet, and a voltage source to apply a voltage across the droplet. The voltage 

20 produces electro-wetting forces between the droplet and substrate. The electro- 
wetting forces redistribute the liquid of the droplet thereby changing the droplet's 
surface curvature and the focal length of the droplet lens. 

Artificial arrays could provide for tunable focal lengths by incorporating 
tunable compound lenses or electro-wetting controlled droplet lenses. Nevertheless, 

25 compact arrays of such lenses are often inconvenient or complex because of the need 
for devices to enable tuning of each lens therein. Simple tunable artificial lens arrays 
are desirable. 

BRIEF SUMMARY 
The various embodiments relate to tunable micro-lens arrays and methods for 
30 fabricating such arrays. The arrays are fabricated of materials that include a hydrogel 
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that swells and contracts in response to changes in selected environmental conditions, 
e.g., pH, ion concentration, temperature, or electric field intensity. The swelling and 
contraction of the hydrogel causes optical properties of the micro-lens arrays to 
change, i.e., focal lengths and/or lens spacings. 
5 hi one aspect, the embodiments feature an apparatus that includes a planar 

substrate and an array of substantially transparent spherical micro-lenses that forms a 
pattern with an internal two-dimensional lattice symmetry on the planar substrate. 
Each micro-lens includes a convex bulge or a concave depression in a surface of the 
planar substrate. The micro-lenses and substrate include hydrogel that swells and 

10 contracts in a manner that is responsive to an environmental condition. 

hi another aspect, the embodiments feature a method for fabricating a micro- 
lens array. The method includes exposing a layer of homogeneous starting medium to 
one or more interference patterns of multiple light beams, curing the exposed layer, 
then washing the cured layer to produce a cross-linked master pattern, and forming 

15 from the master pattem a replica stamp. The exposing step produces a concentration 
pattern of reaction products in the layer of homogeneous starting material. The 
concentration pattem tracks the time-integrated light intensity produced by the one or 
more interference patterns in the layer. The master pattem has a surface-relief that 
tracks the concentration pattem of reaction products. The replica stamp has a surface- 

20 relief that is a negative copy of the surface-relief of the master pattem. The sxirface- 
relief of the replica stamp includes a regular two-dimensional array of lens-shaped 
stmctures. 

hi another aspect, the embodiments feature another method for fabricating a 
micro-lens array. The method includes exposing a layer of homogeneous hydrogel 

25 starting medium to one or more interference patterns of multiple light beams. The 
exposing step stimulates a reaction that produces a concentration pattern of reaction 
products in the layer. The concentration pattem tracks the time-integrated light 
intensity produced by the one or more interference patterns in the layer. The method 
also includes curing the film to produce a cross-linking pattem that tracks the 

30 concentration pattem of reaction products and then, washing the cured film to remove 
uncross-linked oligomers and produce a layer of hydrogel having an array of spherical 
micro-lenses. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a cross^sectional view of a tunable micro-lens; 

Figure 2 shows monomers of exemplary hydrogel polymers; 

Figure 3 provides cross-sectional views of a hydrogel micro-lens array in a 
swollen state and a contracted state; 

Figure 4 is a top view of array of lens-shaped objects that was fabricated by 
multi-beam interference lithography; 

Figure 5 is a top view of an artificial crystal that has an internal three- 
dimensional (3D) lattice symmetry and was fabricated by multi-beam interference 
lithography 

Figure 6 is a cross-sectional view of an environmental monitoring system that 
uses the micro- lens array of Figure 3; 

Figure 7 is an oblique view of a reduction imaging system that uses the micro- 
lens array of Figure 3; 

Figure 8 is a flow chart for a stamp method of fabricating a hydrogel micro- 
lens array that has an internal 2D lattice symmetry; 

Figure 9 is a flow chart for an alternate stamp method of fabricating a 
hydrogel micro-lens array that has an internal 2D lattice symmetry; 

Figure 10 is a flow chart for a direct method of fabricating a micro-lens array 
that has an internal 2D lattice symmetry in a photosensitive liquid precursor for 
hydrogel; 

Figures 11 A- HE show intermediate structures fabricated at various steps in 
the stamp method of Figure 8; 

Figures 1 IF shows a hydrogel micro-lens array fabricated from the 
intermediate structure of Figure 1 IE; 

Figure 12 shows an epoxide oligomer used in an exemplary photosensitive 
starting media of the method of Figure 8; 

Figures 13A-13C show dye molecules used in the exemplary photosensitive 
starting media of the method of Figure 8; 

Figures 14A-14B show photo acid generator (PAG) molecules used in the 
exemplary photosensitive starting media of the method of Figure 8; 
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Figure 15 shows a photo-reaction sequence that occurs in an exemplary 
photosensitive starting media for the method of Figure 8; 

Figure 16A illustrates a configuration for performing a single light exposure of 
the photosensitive starting media in the method of Figure 8; 
5 Figure 16B illustrates configurations for performing a double light exposure of 

the photosensitive starting media in the method of Figure 8; 

Figure 17 illustrates cross-linking reactions that occiu* when exposed starting 
medium that includes epoxide oligomers and PAG molecules is baked; 

Figure 18A illustrates exemplary oligomers and cross-linker molecules for 
10 forming polydimethylsiloxane (PDMS); 

Figure 18B illustrates a cross-linking reaction for forming PDMS from a 
mixture of the molecules of Figure 17A; 

Figure 19 illustrates a cross-linking reaction in an exemplary photosensitive 
hydrogel starting medium for the method of Figure 10; and 
15 Figure 20 shows photo-reactions of photosensitive PAG molecules able to 

replace dye and PAG molecules in photosensitive starting media of Figures 8-10. 

In the Figures and text, like reference numbers indicate features with similar 
fimctions. 

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 

20 Figure 1 shows a tunable optical lens 2 that includes a transparent planar 

substrate 3 and a transparent spherical bulge 4 that is integral with the substrate. The 
spherical bulge 4 includes a spherical top surface 5. Exemplary spherical top surfaces 
5 may have convex or concave shapes. The illustrated convex spherical top surface 5 
refracts parallel incident light rays 6 towards a focal point, f, located behind the 

25 substrate 3. Both spherical bulge 4 and substrate 3 are made of a hydrated hydrogel. 
Herein, a hydrogel is a three-dimensional network that is formed of a 
hydrophilic homopolymer or a hydrophilic copolymer. In a hydrogel, the polymer 
network is water insoluble due to cross-linking produced by bonds, i.e., covalent, 
ionic, or hydrogen bonds, and/or by physical polymer entanglement. In a hydrogel, 

30 the polymers are hydrophilic due to polar functional groups such as hydroxyl, 
carboxylic acid, amide, and/or ether groups. Due to these groups a hydrogel can 
absorb a substantial amount of water or another polar solvent to become a hydrated 
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hydrogel. Typical hydrogels can absorb more than 20 percent of their weight in 
water. Hydrated hydrogels have the ability to swell and contract in manners 
responsive to changes in physical environmental conditions such as: pH, ionic 
strength, solvent composition, temperature, electric field, and/or light intensity. This 
5 swelling and contracting enables a hydrated hydrogel to undergo significant volume 
change, e.g., at least 10% or more and sometimes as much as one to several times the 
initial volume, without disruption of the underlying polymer network. Often, small 
changes to selected environmental conditions cause a hydrogel to rapidly swell or 
contract. 

10 Figure 2 illustrates linear polymers of several exemplary hydrogels. The 

polymers include poly(2-hydroxyethyl methacrylate) (PHEMA), poly(ethylene 
glycol) (PEG), poly( vinyl alcohol) (PVA), poly(N-isopropylacrylamide) (PNIPA), 
poly(methacrylic acid) (PMAA), hyaluronic acid, and a salt of PMAA. Hydrated 
hydrogels, which have pendent hydrophilic groups, are pH sensitive. For example, 

1 5 PHEMA and PMAA contract in response to acidic pHs and swell in response to basic 
pHs. Hydrogels with hydrophobic pendent groups, e.g., methyl, ethyl and propyl 
groups, are temperature sensitive. For example, PNIPA has lower critical solution 
temperature (LCST) around 32°C. PNIPA's water solubility decreases and PNIPA's 
size contracts when the temperature increases above 32°C. 

20 Since a hydrated hydrogel swells and contracts in response to environmental 

conditions, the hydrated hydrogel optical lens 2 of Figure 1 will swell and contract in 
a manner that is responsive to the same environmental conditions. Such swelling and 
contracting changes the radius of spherical top surface 5 and thus, changes the focal 
lengthy f, of the optical lens 2. Thus, in the hydrated hydrogel optical lens 2, focal 

25 length tuning involves varying the hydrogel' s density by changing environmental 
conditions. In contrast, in droplet lenses, focal length tuning typically involves 
applying forces that change the liquid droplet's shape, but not the droplet's density. 

Figure 3 shows a micro-lens array 8 fabricated of a transparent hydrogel, e.g., 
a hydrogel from a polymer of Figure 2. The micro-lens array 8 includes a transparent 

30 planar substrate 9 and transparent spherical bulges 4, i.e., convex or concave spherical 
optical lenses. The spherical bulges 4 are integral with the substrate 9 and form a 
periodic array that has an internal two-dimensional (2D) cubic or hexagonal lattice 



Aizenberg 5-2- 15 6 

symmetry. Both the planar substrate 9 and the spherical bulges are formed of a 
hydrogel that is hydrated by absorption of a polar liquid, e.g., water. The hydrated 
hydrogeFs response to an environmental condition such a pH, ion concentration, 
temperature, or light intensity causes the micro-lens array 8 to swell or contract Such 
5 swelling and contracting changes both focal lengths, f, and lateral separations, D, 
between the centers of adjacent spherical lenses 4. Thus, both focal length and lateral 
separation are tunable through environmental conditions at the micro-lens array 8. 

In some embodiments, special features facilitate the swelling and contracting 
that occurs during optical tuning of the micro-lens array 8. First, the micro-lens array 

10 8 may be freestanding and not rigidly fixed to an underlying substrate so that lateral 
motions are facilitated. Second, micro-lenses 4 may have small disk-like diameters, 
d, e.g., d < 100 micrometers (|im) and preferably about 5 -6 |nm or less. Third, the 
substrate 9 may be thin and be traversed by pores 1 1. These second and third features 
facilitate diffusion between interiors of the micro-lenses 4 and substrate 9 and the 

1 5 exterior region 10. Such dif&sion lowers ion concentration gradients between the 
external region 10 and the interiors of the micro-lenses 4 and substrate 9. 

Figure 4 shows an array 8* that was fabricated via three-beam interference 
lithography. The array 8' includes a substrate 9' £md a pattern of spherical bulges 4' 
integral with a substrate 9\ The substrate 9' is pierced by pattern of pores 11'. The 

20 spherical bulges 4' form convex lens-shaped objects that are arranged in a pattern 
with an internal 2D hexagonal lattice symmetry. 

In contrast. Figure 5 shows an array structure 13 that was fabricated by four- 
beam interference lithography. The array structure 13 has nodes 14 and pores 11', but 
does not have the convex spherical bulges as in Figure 4. Instead, four-beam 

25 lithography has made an array structure 13 with an internal three-dimensional, lattice 
symmetry so that the nodes 14 connect to a lower layer of nodes 14 rather than 
forming lens-shaped objects. 

Hydrogel micro-lens arrays are useful for environmental monitoring devices 
and tunable array-type reduction imaging systems as shown in Figure 6 and Figure 7, 

30 respectively. 

Figure 6 shows an environmental monitoring device 16. In the monitoring 
device 16, a hydrated hydrogel micro-lens array 8 rests on a transparent glass slide 17 
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and has one edge fixedly attached to a wall 18. This support configuration enables the 
micro-lens array 8 to swell and contract along a top surface of the glass slide 17 in a 
reproducible manner. The monitoring device 16 also includes a collimated light 
source 20, a spatially segmented light detector 21, and a programmed data processor 
5 22, e.g., a programmed computer. In response to light from the collimated light 
source 20 illuminating the hydrogel micro-lens array 8, individual micro-lenses 4 
form light spots 23 on the segmented light detector 2 1 . The light detector sends 
intensity and position data to the programmed data processor 22, which uses the data 
to determine sizes and/or lateral locations of the light spots 23 produced by the micro- 
10 lenses 4. 

In response to changes in environmental conditions, the hydrogel micro-lens 
array 8 swells and contracts changing both lateral positions and focal lengths of 
micro-lenses 4. These physical changes are reproducible, because one edge of the 
hydrogel micro-lens array 8 is fixed to wall 1 8. The changes ia lateral position and 

15 focal length of the hydrogel micro-lenses 4 change both the locations and the sizes of 
the light spots 23. Thus, the locations and the sizes of the light spots 23 change in a 
reproducible manner in response to changes to environmental conditions such as pH, 
ion concentration, or temperature. From the received data on positions and/or sizes of 
light spots 23, prograrmned data processor 22 quantitatively determines values of one 

20 or more of the environmental conditions, e.g., pH, temperature, or ion concentration, 
that controls the swelling and contraction of the hydrated hydrogel of the micro-lens 
array 8. The data processor 22 may be programmed to determine local values of 
environmental conditions, e.g., in a biological system, by comparing the sizes and/or 
the locations of different ones of the light spots 23. 

25 Figure 7 is an oblique view of a tunable array-type reduction imaging system 

25. The array-type reduction imaging system 25 includes a 2D hydrated hydrogel 
micro-lens array 8, a light source 26, a shadow mask 27, and a glass plate 28. The 
hydrogel micro-lens array 8 rests on the glass plate 28 and is illuminated by light 
transmitted through the shadow mask 27. From the illiunination, the 2D hydrogel 

30 micro-lens array 8 forms a regular 2D pattern of reduced-sized images 29 on a layer 
30, e.g., a photoresist, from the pattern 3 1 on the shadow mask 27. The size and 
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spacing of the images 29 are tunable through environmental conditions that cause the 
hydrated hydrogel of the 2D micro-lens array 8 to swell and contract. 

Multi-beam interference lithography methods enable fabrication of hydrogel 
micro-lens arrays with regular 2D lattice symmetries. Various embodiments of the 
5 fabrication methods use a replica stamp as in exemplary methods 40, 40' of Figures 8 
and 9 or use a photosensitive hydrogel precursor as in exemplary method 40" of 
Figure 10. Aspects of multi-beam interference lithography are described in U.S. 
Patent Application No. 10/040,017 ('017 application) filed by Misha Megens et al on 
Jan. 4, 2002, which is incorporated herein by reference in its entirety. 

10 With respect to stamp method 40 intermediate structures and the final micro- 

lens array 8' are shown in Figures 1 1 A - 1 IE and Figure IIP, respectively. 

Referring to Figure 8, stamp method 40 includes providing a substrate 60 that 
is coated with a film 62 of photosensitive starting medium as shown in Figure 1 1 A 
(step 41). The photosensitive starting medium is a homogeneous liquid mixture that 

15 includes oligomers, dye molecules, initiator complexes, solvent, and may optionally 
include cross-linker molecules for the oligomers. Initiator complexes are molecules 
that stimulate the production of photo-reaction products in response to being excited 
by excited dye molecules. Examples of suitable photosensitive starting media include 
photoresists that combine epoxide oligomers, visible dye molecules, PAG-type 

20 initiator complexes, and a non-nucleophilic organic solvent. Figure 12 shows a 
suitable epoxide oligomer 100, which is available as a resin under product name 
EPON™ SU-8 fi*om Resolution Performance Products, 1600 Smith Street, 24th Floor, 
P.O. Box 4500, Houston, Texas 77210-4500 USA. Figures 13A-13C show suitable 
visible dye molecules 102-104. The dyes 102, 103 are available under respective 

25 product names HNu-535 and HNu-470 fi-om Spectra Group Limited, Inc., 1722 Indian 
Wood Circle, Suite H, Maumee, OH 43537 USA. The dye 104, which is known as 
Rose Bengal, is available fi-om Aldrich Company, P. O. Box 2060, Milwaukee, WI 
53201 USA. Figures 14A-14B show ionic initiator complexes that are photo-acid 
generators (PAGs) 106, 107. The PAG 106 is available under product name SarCat® 

30 SR1012 from Sartomer Inc., Oaklands Corporate Center, 502 Thomas Jones Way 
Exton, PA 19341 USA. The PAG 107 is available under product name OPPI from 
UCB Chemicals Corp., 2000 Lake Park Drive, Smyrna (Atlanta), Georgia 30080 
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USA. The above-discussed exemplary photosensitive starting media are described in 
the incorporated '017 application. 

Referring again to Figure 8, stamp method 40 includes exposing film 62 of 
photosensitive medium to one or more interference patterns that are formed by 
5 multiple light beams (step 42). The light exposure causes dye molecules to initiate 
photo-reaction sequences in which initiator complex molecules produce reaction 
products. Conditions of the light exposiire ensure that the reaction products do not 
significantly diffuse. For this reason, the spatial concentration pattern of the produced 
reaction products tracks the time-integrated light intensity pattern produced during the 

10 light exposure. Also, conditions of the light exposure ensure that significant cross- 
linking of oligomers does not occur so that reflective index changes do not interfere 
with progress of the light exposure. Under such exposure conditions and for suitable 
exposure geometries, the exposure step produces a spatial concentration pattern of 
photo-reaction products having an internal 2D lattice symmetry, i.e., a symmetry of a 

1 5 micro-lens array. 

With respect to the photo-reactions, 514 nm light stimulates photo-reaction 
sequence 109 of Figure 15 in a starting media that includes visible dye molecules 102 
and PAG molecules 106. In Figure 15, DYE represents a dye molecule 102, Ar2r^X' 
represents a PAG molecule 106, Ar-I^* and Ar * represent aromatic free-radicals, Sol- 

20 H represents a non-nucleophilic solvent molecule, Sol* represents a free radical 
formed from said solvent molecule, and asterisks indicate excited molecules. The 
photo-reaction sequence 109 produces acid, i.e., free hydronium ions, H^. During the 
exposure, the hydronium ions do not cause significant cross-linking, e.g. of epoxide 
oligomers 1 10, because the medium is kept at a temperature below its glass transition 

25 temperature of the medium. 

With respect to the exposure geometry, the light exposiue uses either three or 
two interfering light beams. The three-beam geometry involves a single exposure 
with three mutually coherent laser light beams and produces a pattern with a regular 
2D hexagonal lattice synmaetry. The hght rays of the three beams have coplanar 

30 incidence directions 74-76 as shown in Figure 16 A. One beam is incident along the 
direction of the normal vector, N, to film 62. The other two beams 74, 76 are tilted at 
equal angles 9 with respect to N. The two-beam geometry involves multiple light 
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exposures with two mutually coherent light beams and produces multiple patterns 
with 1-dimensional (ID) lattice symmetries. An exemplary two-beam geometry uses 
a double exposure. In each exposwe, interfering light rays have coplanar incidence 
directions 78-79 as shown in Figure 16B. The exemplary two-beam geometry 
5 includes exposing the film 62 with two the two interfering light beams, rotating the 
film by 90° about the film's normal vector, N, and then, re-exposing the film 62 with 
the same two interfering light beams. The two exposure produce orthogonal intensity 
patterns with nontrivial internal ID periodicities as illustrated by dotted maximum 
intensity lines 80 and 82. For that reason, the double exposure generates a time- 

10 integrated intensity having an internal 2D cubic lattice symmetry. Other 

embodiments of the two-beam geometry rotate the film 62 by different angles 
between exposures, 60**, and/or use more than two exposures. 

In the various exposure geometries, the internal symmetry and feature-sizes of 
the exposure pattern determine the internal symmetry and dimensions of the final 

15 micro-lens array. Thus, the exemplary three-beam and two-beam geometries produce 
micro-lens arrays with internal 2D hexagonal and 2D cubic lattice symmetries, 
respectively. Furthermore, the interfering light patterns have periodicities that are of 
the order of Xy(2sin[0]) where X is the light wavelength and 4> is the relative tilt angle 
between the various beams. For example, O = 9 for the three-beam geometry. Thus, 

20 small relative tilt angles, O, advantageously produce arrays in which spacings 
between adjacent lenses are greater than the wavelength of the light used in the 
exposure. 

Referring again to Figure 8, stamp method 40 includes baking the exposed 
film 62 of photosensitive starting mediimi and then, washing the baked film 62 to 

25 produce a cross-linked master surface pattern 64 as shown in Figure 1 IB (step 43). 
The bake causes a cross-linking of oligomers that partially cures the film 62. Cross- 
linking occurs, because the temperature of the bake is above the film's glass transition 
temperature. Above the glass transition temperature, the film 62 is in a rubber-like 
phase rather than in the low temperature glass-like phase. In the rubber-like phase, 

30 oligomers are able to perform movements that are needed to align fimctional groups 
during cross-linking reactions. During the bake, the cross-linking reactions proceed 
in portions of the film that received above-threshold concentrations of photo-reaction 
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products so that the final concentration pattern of cross-links tracks the previous 
concentration pattern of such photo-reaction products. The washing step removes 
imcross-iinked oligomers, dye molecules, and initiator complexes to leave only the 
cross-linked portion of the film 62, i.e., the master surface pattern 64. The master 
5 surface pattern 64 has a surface relief that includes a pattern of convex bulges or 

concave depressions. The pattern of convex bulges or concave depressions tracks the 
earlier produced pattern of photo-reaction products and corresponds in shape to the 
final 2D micro-lens array. 

With respect to cross-linking. Figure 17 shows the cross-linking reactions 111- 

10 1 12 that proceed among epoxide oligomers 100 in the presence of acid, e.g., acid 

produced by PAG molecules 106, 107. In the first reaction 1 1 1, a photo-produced H^- 
ion attacks an epoxide ring of an oligomer 100 to protonate the epoxide ring. In the 
second reaction 1 12, the protonated epoxide is attacked by a hydroxide moiety of a 
ROH, e.g., trace alcohol, water, or a previously cross-linked molecule. This second 

15 reaction reproduces a complex with a hydroxide moiety and regenerates a fi-ee H^-ion, 
i.e., a catalyst. The reproduced hydroxide moiety can react with another protonated 
epoxy ring to form more cross-links to other oligomer. The reaction 112, proceeds 
above the glass transition of the medium where rotational motions are able to align 
functional groups as needed for the reaction 1 12 to proceed, 

20 Referring again to Figure 8, stamp method 40 includes coating master surface 

pattern 64 with a layer 66 of liquid precxirsor for an elastomer as shown in Figure 1 IC 
and then curing the layer 66 (step 44). The curing involves exposing the liquid 
preciu^or to heat or ultraviolet light to cause cross-linking therein. The cured layer 66 
is pealed from the master 64 to produce a flexible elastomeric replica stamp 67 as 

25 shown in Figure 1 ID. The replica stamp 67 has a surface-relief pattern that is a 
negative copy of the surface-relief of the master surface pattern 64. 

In step 44, one suitable elastomer is a polydimethylsiloxane (PDMS). Figure 
18A shows oligomers 1 14 and cross-linker molecules 1 16 of an exemplary liquid 
precursor for a PDMS. The cross-linker molecules 116 have, at least, 3 R-groups, 

30 which are hydrogen atoms. Figure 17B shows the cross-linking reaction, which is 
known as hydrosilation. Hydrosilation occiu^ in the presence of a platinum catalyst. 
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Kits for making PDMSs are available from the Dow Coming Company, P.O. 
Box 994, MIDLAND MI 48686-0994 USA, imder the product name SYLGARD® 
184 silicone elastomer. To make layer 66 of Figure 1 IC, the kit's base and curing 
hquid components are blended to form a homogeneous mixture in which the base and 
5 curing components have a volume ratio of 6: 1 to 20: 1 and preferably of about 10:1. 
To form the layer 66, the homogeneous mixture is coated onto a planar substrate. To 
produce replica stamp 67 of Figure 1 ID, the master surface pattem 64 is pressed into 
the layer 66, which is then heat cured at about 60^C for about 3 hours. The heat 
curing produces a flexible, hydrophobic PDMS layer that easily peals off hydrophilic 

10 surfaces without becoming damaged. 

Referring again to Figure 8, stamp method 40 includes pressing the patterned 
surface of replica stamp 67 into a layer 68 of liquid hydrogel precursor as shown in 
Figure 1 IE (step 45). The layer 68 of liquid precursor coats a rigid planar substrate 
70. The liquid precursor is a homogeneous solution of solvent, hydrogel monomers 

15 or oligomers, e.g., monomers of Figure 2, cross-linker molecules, and ultraviolet- 
sensitive polymerization initiator molecules. An exemplary liquid precursor includes 
the following relative weights composition: 0.625 g water, 2.5g of a mixture of 2- 
hydroxyethyl methacrylate (HEMA) and acrylic acid (AA) monomers, 25 mg of 
diethylene glycol dimethacrylate (DEGDMA) cross-linker molecules, and 75 mg of a 

20 ultraviolet-sensitive polymerization initiator known as Irgacure 65 1 . The HEMA, 
AA, and DEGDMA monomers are available from Aldrich, P.O. Box 2060, 
Milwaukee, WI 53201, USA. The mixture of AA and HEMA includes the AA and 
HEMA monomers in relative molar percentages in the range of about 0.02:1 to about 
0.05:1. Irgacure 651 is available from Ciba Specialty Chemicals, 540 White Plains 

25 Road, P.O. Box 2005, Tarrytown, NY 10591-9005 USA, 

In response to illumination with UV light, an Irgacure 651 molecule generates 
radicals that initiate poljonerization of the HEMA and AA monomers and also causes 
cross-linking of the HEMA and AA monomers by the DEGDMA monomers. Other 
ultraviolet-sensitive radical generators can also replace the Irgacure 651, For example, 

30 the Irgacure 1 84 radical generator, which is also available from the Ciba Specialty 
Chemicals, is also suitable for the liquid precursor to hydrogel. 
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In various other exemplary liquid precursors for a hydrogel, the above- 
described components can be present in the following relative molar concentrations: 
DEGDMA to HEMA in the range of about 0.001:1 to about 0.05:1, AA to HEMA in 
the range of about 0.02:1 to about 0.05:1, and hrgacure 651 to HEMA in the range of 
5 about 0.005: 1 to about 0.05: 1 . Varying these relative concentrations enables one to 
vary the amount of cross-linking in the final hydrogel and thereby to vary the 
sensitivity of the hydrogel to changes in environmental conditions. 

The stamp method 40 also includes curing the layer 68 to form a hydrogel 
without removing replica stamp 67 fiom layer 68 (step 46). Typically, the curing step 

10 involves iiradiation of the layer 68 with ultraviolet light. For the above exemplary 
hydrogel precxu^or, an appropriate curing step uses radiation with a wavelength in the 
range of 300 nm to 400 nm and preferably a wavelength of about 365 nm. 

Referring again to Figure 8, stamp method 40 includes pealing the elastomeric 
replica stamp 67 off cured layer 68 to produce a hydrogel micro-lens array 8* as 

15 shown in Figure 1 IF (step 47). A PDMS replica stamp 67 has hydrophobic surfaces 
that easily peal from the hydrophilic surface of a hydrogel. Elastomeric stamps 67 
can be separated from the cured layer 68 without damaging the patterned surface of 
either the replica stamp 67 or the cured layer 68. 

Figure 9 illustrates an alternate stamp method 40' for fabricating a micro-lens 

20 array with an internal 2D lattice symmetry. The method 40* includes producing 
elastomeric replica stamp 67 by performing steps 41-44 as already described with 
respect to method 40. The method 40' also includes soaking the replica stamp 67 in 
an organic solvent that swells material of the replica stamp 67 (step 48). For PDMS, 
exemplary solvents that can cause swelling include: hexane, toluene, cyclohexane, 

25 and methyl cyclohexane. The swelling uniformly increases the linear dimensions of 
the patterned siu^ace-relief of the replica stamp 67. The stamp method 40' also 
includes performing steps 45-47 with the swollen stamp 67 to make a hydrogel micro- 
lens array in which internal lattice dimensions are larger than those produced 
lithographically in master surface pattern 64. 

30 Referring to Figure 10, method 40" forms a micro-lens array directly in a film 

of photosensitive hydrogel starting medium. The photosensitive hydrogel starting 
medium is a homogeneous mixture of a special photoresist. The special photoresist 
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includes hydrogel polymer molecules, dye molecules, initiator complexes, solvent, 
and optionally cross-linker molecules. An exemplary composition for the photoresist 
includes copolymer and cross-linker molecules 122, 124 of Figure 19; visible dye 
molecules 102, 103, or 104 of Figures 13A-13C; PAG molecules 106 or 107 of 
5 Figures 14A-14B; and tetrahydrofuran as a solvent. The copolymer 122 is poly(2- 
hydroxyethyl methacrylate-co-methyl methacrylate) (PHEMA-co-PMMA). PHEMA- 
co-PMMA is characterized by copolymer integers "n" and "m" that are in the range of 
[50, 500] and a molecular weight of about 10,000 - 100,000 atomic mass imits. The 
cross-linker molecule 124 is tetramethoxymethyl glycoluril (TMMG). TMMG is 

10 available under product name POWDERLINK 1 174 from Cytec Industries Inc., 5 
Garret Mountain Plaza, West Paterson, NJ 07424-3360 USA. In the exemplary 
composition, the various components have the following relative wt%'s: TMMG to 
PHEMA-co-PMMA in the range of about 0.01:1 to 0.05:1, dye HNu 535 to PHEMA- 
co-PMMA in the range of about 0.002:1 to 0.02: 1, and SaiCat® SR1012 to PHEMA- 

15 co-PMMA in the range of about 0.005:1 to about 0.03:1. The composition includes 
enough solvent to dissolve the dye molecules. A composition for the photoresist 
includes the above components in the following relative amounts: about 2.5 g of 
PHEMA-co-PMMA, about 50 mg of TMMG, about 25 mg of the dye HNu 535, about 
62.5 mg of SR1012, and about 10 g of tetrahydrofuran. 

20 In other exemplary photosensitive hydrogel starting media, photosensitive 

PAG molecules replace the mixture of PAG and dye molecules. One photosensitive 
PAG molecule is sold under the product name Irgacure 261 by the Ciba Specialty 
Chemical Inc. As Figure 20 shows, molecules 130 of Irgaciu*e 261 undergo photo- 
disassociation when subjected to light with a wavelength of 532 nm. The photo- 

25 disassociation produces molecules 132, which are Lewis acids. To replace the dye 
HNu 535 and the initiator complex SarCat® SR1012 in the above-described 
photoresist, Irgacure 261 is added to produce in the photoresist a relative wt% of 
Irgacure 26 1 to PHEMA-co-PMMA in the range of about 0.005: 1 to 0.02: 1 . Irgacure 
261 has the advantage of having a higher solubility than the dye HNu 535. For that 

30 reason, the photoresist may include organic solvents such as cyclopentanone, 

propylene glycol methyl ethyl ether. With these solvents, the starting media may 



Aizenberg 5-2-15 15 

have a high concentratioii of hydrogel polymers, e.g., a relative weight of polymer to 
solvent is in the range of about 2:8 to 3:7. 

Some photosensitive hydrogel starting media include small amounts of . 
neutralizer molecules. The concentration of neutralizer molecules is fixed to 
5 eliminate spatially constant densities of photo-reaction products that are produced 
during the exposure step. For starting media that use P AGs as initiator complexes, 
exemplary neutralizer molecules are bases such as triethyl amine. The use of 
neutralizer molecules to eliminate spatial constant backgrounds of photo-reaction 
products is also described in the incorporated '017 application. 

10 Referring again to Figure 10, method 40" includes light exposing a film of 

photosensitive hydrogel starting medium to one or more light interference patterns 
(step 51). The light exposure step involves either a single exposure with three 
interfering mutually coherent light beams or a double exposure with two interfering 
mutually coherent light beams as described with respect to Figures 16A and 16B, 

15 respectively. The light exposure excites dye molecules, which in turn excite initiator 
complexes. The excited initiator complex molecules undergo reactions to produce 
photo-reaction products whose spatial concentration pattern tracks the pattern of the 
time-integrated light intensity. The pattern of reaction products corresponds to that of 
a 2D micro-lens array. In the above-described exemplary photosensitive hydrogel 

20 starting medium, the exposure stimulates photo-reaction sequence 109 of Figure 15 to 
produce a distribution of fi*ee hydronium ions, H^. During the exposure, the hydrogel 
starting medium is kept at a temperature that is below the medium's glass transition 
temperature to impede diffusion of the reaction products and cross-linking of the 
hydrogel oligomers. 

25 Referring again to Figure 10, method 40" includes baking the exposed film of 

photosensitive hydrogel starting medium to stimulate cross-linking reactions among 
hydrogel oligomers therein (step 52). One reaction 126 that covalently cross-links 
exemplary hydrogel oligomers 122 via exemplary cross-linker molecules 124 is 
shown in Figure 19. The cross-linking reaction produces a spatial concentration 

30 pattern of cross-links that tracks the concentration pattern of photo-reaction products, 
e.g., acid, produced during the light exposure step. 
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Method 40" also includes washing die baked film with a non-polar solvent to 
remove imcross-linked hydrogel oligomers, dye molecules, initiator complexes, and 
unreacted cross-linker molecules. An exemplary solvent for the wash is the same 
solvent used in the hydrogel starting medium, e.g., tetrahydrofiiran. The wash step 
5 leaves an insoluble cross-linked hydrogel structure. For suitable beam geometries 
during exposure step 51, the cross-linked hydrogel structure will have a surface-relief 
pattern that tracks the earlier produced spatial pattern of photo-reaction products. 

From the disclosure, drawings, and claims, other embodiments of the 
invention will be apparent to those skilled in the art. 



